the seasonal covariation of fluxes and atmospheric mixing, or "rectifier effect" (Den ni ng et a l. 1999). Carbon dioxide depletion due to uptake by plants during the growing season is vertically "diluted" by convection, homogeneously depleting CO 2 in the deep boundary layer. On the other hand, CO 2 losses to the atmosphere by ecosystems during the nongrowing season tend to accumulate near the surface under more stable atmospheric conditions, creating large positive CO 2 gradients near the surface. The representation of this covariation differs widely among global transport models, plaguing the inverse modeling of CO 2 fluxes given surface CO 2 concentration observations. Siberia, with its large forested area and highly seasonal CO 2 f lux and transport, is a "hot spot" of CO 2 transport model uncertainties (Gurney et al. 2002) . In this context, new vertical profiles of CO 2 provide a unique observational constraint on the seasonal coupling between flux and transport.
Our expectation is to falsify atmospheric transport models over this region using the shape of observed vertical CO 2 profiles.
Atmospheric pollutants released by human activities in midlatitude industrialized regions of the Northern Hemisphere (NH) quickly move over long distances. This intercontinental pollution transport has become of increasing concern because it affects local and regional air quality. The main pollution transport pathways ( Fig. 1 ) differ qualitatively between north Asia (including Siberia), western Europe, and North America. Model simulations suggest that European pollutants predominantly disperse eastward over Siberia in summer or northeastward toward Siberia and the Arctic in winter (Stohl and Eckhardt 2004) . Emissions from Europe remain mostly below 3,000 m, unlike pollutants emitted by north Asia, which have a high probability of being transported into the upper troposphere (Wild et al. 2004; Stohl et al. 2002; Duncan and Bey 2004) . The main pathways of intercontinental transport across the NH have been characterized by campaigns above and downwind from emission regions (e.g., Andreae Lelieveld et al. 2002) and by satellite observations (Edwards et al. 2004 ) interpreted with models (Heald et al. 2004 ). However, no data are available over Siberia. According to models, Siberia is a region heavily impacted by the transport of pollution from Europe. In addition, summer forest fires (van der Werf et al. 2006 ) and prescribed agricultural fires in southern Siberia, Kazakhstan, and Ukraine (Korontzi et al. 2006 ) emit CO and ozone precursors that alter the Siberian chemical composition and more generally the CO budget of the NH .
The YAK-AEROSIB observational strategy addresses scientific questions about greenhouse gases and air pollution with large-scale airborne campaigns and synergistic use of different tracers. For instance, CO and O 3 measurements are not only of interest for the atmospheric chemistry and transport research objectives, but they are also tracers of various processes that can help to analyze CO 2 variability. Carbon monoxide and CO 2 are coemitted during combustion, and both species remain correlated in the absence of removal processes. Ozone is depleted in the unpolluted boundary layer over vegetation because of deposition, in a way comparable to CO 2 uptake by the vegetation. Also, in summer, concentrations of both CO 2 and O 3 are more elevated in the stratosphere than in the troposphere and can therefore be used to identify air of stratospheric origin.
Using the data collected during the campaigns, we seek a better understanding of the following science questions: What are the vertical distribution and seasonal variation of CO 2 , CO, and O 3 over Siberia? What does CO 2 tell us as a transport tracer to constrain vertical mixing in models? What can we learn from a dense set of vertical profiles about synoptic transport and tracer mixing associated with frontal systems? Can we confirm by observations the model predictions that European pollutants are mainly exported to Siberia and the Arctic at low altitudes? We will show how these questions can be addressed with the data collected during YAK-AEROSIB.
CAMPAIGN DESCRIPTION.
Flight area and experimental strategy. The four YAK-AEROSIB campaigns sampled the same transect of the Siberian troposphere (Fig. 2) using an Antonov-30 research aircraft called OPTIK-E (Fig. 3) , operated by the Tomsk Institute of Atmospheric Optics. The campaigns' transect extended between Novossibirsk and Yakutsk, in a domain bounded by 55°-63°N and 80°-130°E. Vertical profiles of tracers concentrations between 0 and 7,000 m were collected roughly every 200 km in the horizontal direction along the aircraft route. A fifth campaign in July 2008 covered Arctic and subarctic Siberia as part of the Polar Study using Aircraft, Remote Sensing, Surface Measurements and Models, of Climate, Chemistry, Aerosols, and Transport (POLARCAT) project.
The dominant vegetation type is deciduous (larch) and evergreen (spruce, pine) conifer forests, with forested bogs in the Yakutsk region and agricultural regions and steppes further south and west of the domain. Agriculture is present in the surroundings of Krasnoyarsk and Novosibirsk cities. The region has an extensive network of rivers and wetlands, including the Yenissei and Lena Rivers and their tributaries. The flight track also passed over several major cities and industrial and mining centers (Fig. 2, Table 1 ).
Each campaign (April 2006 , September 2006 , August 2007 , and July 2008 see Table 1 ) was split into four flights with 4-10 vertical profiles each. Taking a profile takes about 30 minutes, including ascent and three horizontal plateaus: at the minimum altitude, at 5,000 m during the descent, and at the flight ceiling (approximately 7 km). During each campaign, we measured in situ CO 2 , CO, and O 3 concentrations (Paris et al. 2008) , as well as the (coarse resolution) size distribution of ultrafine particles (Arshinov et al. 2007; Paris et al. 2009 ), black carbon, and meteorological parameters. The appendix describes the instruments, calibration, and sampling protocols.
Meteorological context. aPril 2006 CamPaign. The atmospheric circulation in the troposphere was dominated by a strong low on 11-14 April 2006 over eastern Siberia, blocking zonal circulation in northern Eurasia, and by a series of fronts sweeping across northeastern China during the 10 days prior to the campaign. High winds at the 700-mb level associated with the frontal passage were near the Russia-China border (Fig. 4a) .
Warm conveyor belt (WCB) airstreams associated with these fronts can lift boundary layer (BL) air upward and northward. This favors accumulation and slow stirring of polluted Chinese boundary layer air within the stagnant midtroposphere over northeastern Siberia. In the lower troposphere, cold air and snow cover inhibited the growth of a BL over Siberia, enhancing stagnant conditions. sePtemBer 2006 CamPaign. Warmer conditions, as well as local convection and precipitation were observed, with fronts of various strengths within northern Eurasia, including a large front over the Caspian Sea area. The atmospheric circulation was more zonal than during the April campaign because of a high pressure system between the Aral Sea and Mongolia. b Takeoff on 9 Jul in UTC and landing on 10 Jul.
c Takeoff on 27 Jul in UTC.
As a result, air masses originating from the Caspian Sea area were transported far away into Siberia (Fig. 4b) .
august 2007 CamPaign. The zonal circulation over central Siberia was slower than in September 2006. This campaign was dominated by convective mixing. Low pressure southwest of Novosibirsk caused strong winds early in the campaign. Flights 9 and 10 frequently crossed rainbands (Table 1) .
In particular, flight 9 on 17 August first passed through a strong front and then through a weak front. Air masses were channelled to the southeast out of the north Asian landmass (Fig. 4c) .
July 2008 C a m Pa i g n s . These two campaigns had much weaker winds than the previous three (Figs. 4d, e) . During the YAK-AEROSIB campaign, fronts of various strengths were identified along the flight track. A sparse to nearly continuous cover of low clouds generally dominated both July 2008 campaigns. On 11 July, a strong low pressure system west of the f light track near Yakutsk caused vigorous frontal activity. Fires were also observed in this area. During the POLARCAT campaign, steep frontal surfaces were crossed. Along the Arctic coast, where four flights were executed, the sea was ice covered and skies were mostly cloudy.
summary. Atmospheric transport in April 2006 over western Siberia likely was representative of average winter conditions ( Fig. 1) . Convection was weak because of the low surface temperatures and snow. The strength and position of airstreams associated with synoptic transport features (warm conveyor belts and dry intrusions) were also typical of winter conditions (Stohl 2001) , although zonal transport is on average attenuated in April relative to its winter maximum (Newell and Evans 2000) . Atmospheric transport during the four summer campaigns varied, even though fronts, cloud cover, and other features were frequently similar during each flight. The zonal flow encountered during September 2006 was stronger than in August 2007 and July 2008. This is broadly consistent with the summer minimum in zonal transport shown by Newell and Evans (2000) .
VERTICAL AND HORIZONTAL VARIABIL-ITY OF CO 2 , CO, AND O 3 OVER SIBERIA.
Carbon dioxide. Over Siberia, CO 2 concentrations are highest at the end of the winter (early March) when vegetation resumes growth in the NH (Levin et al. 2002) . The CO 2 distribution measured from aircraft is sensitive to the diurnal and seasonal cycle of CO 2 exchange (i.e., during growing season, photosynthesis during daytime counteracts the diurnally less variable emissions from respiration) but also to the frontal redistribution of air masses. Here, possible daytime sampling bias is minimized because sampling was conducted on average over all daylight hours. Average vertical profiles for each flight are shown in Fig. 5 . The seasonal difference of CO 2 obtained by com- paring April 2006 and September 2006 is 14.3 ppm below 2 km, and 10.8 ppm between 3 and 7 km. This seasonal CO 2 difference is comparable in amplitude to the one measured at the Zotino site in central Siberia of 13-15 ppm below 3,000 m (Levin et al. 2002; Lloyd et al. 2002) . The carbon balance of Eurasia in April 2006 was characterized by vegetation dormancy (Shibistova et al. 2002) with no CO 2 exchange fluxes over snow-covered Siberia (Smith et al. 2004 ) and by growth with CO 2 uptake over Europe and southern regions (Zhou et al. 2001; Maignan et al. 2008; Reichstein et al. 2007) .
August marks the termination of the CO 2 uptake period over Siberia, with flux tower data consistently indicating a switch in CO 2 exchange by regional ecosystems from a sink to a source at around day 250 ±10 (Van der Molen et al. 2008) . Consequently, atmospheric CO 2 in the Siberian troposphere usually reaches a seasonal minimum by the end of August (Levin et al. 2002; Lloyd et al. 2002; Ramonet et al. 2002; Machida et al. 2001) . The August 2007 and July 2008 campaigns experienced convective weather in central Siberia with cumulus fields and rainfall. From July and August CO 2 values near the surface we infer that Siberian ecosystems behave as a strong and apparently homogeneous sink, causing a CO 2 depletion of up to 10 ppm in August and up to 15 ppm in July (Figs. 5, 6) into the low troposphere over the western part of the campaign. In September 2006, although the vegetation was still active (green from space) over Siberia, we observed no strong near-surface CO 2 depletion.
Ozone. Figure 5 (middle right column) provides the O 3 vertical profiles. The vertical gradient of O 3 is more than 2 times steeper in July and August than in April or September 2006, with a more pronounced O 3 depletion near the surface in early summer. In August, the midtropospheric O 3 concentrations between 5 and 7 km ranged from 60 to 80 ppb, whereas they reached only 50-65 ppb in April and September. Thin layers with high O 3 concentrations (80 ppb and higher), probably originating from the stratosphere, were repeatedly observed in the midtroposphere. The July and August steeper O 3 vertical gradient can be explained by a combination of factors: 1) More intense photochemical production of O 3 in August 2007, coupled to convective injection to the midtroposphere of precursors initially emitted in the BL. 2) Higher surface biogenic volatile organic compounds (BVOCs) emissions contribute to higher O 3 production in summer (Fehsenfeld et al. 1992) . Boreal deciduous trees and spruce monoterpene emissions are indeed highest in July-August (Tarvainen et al. 2007) , while pine emissions peak in the early summer. 3) Maximum foliar and surface deposition in summer cause a depletion of O 3 in the BL, and 4) the temperature-dependent O 3 reaction with BVOCs within the canopy could act as significant additional surface sink of O 3 (Goldstein et al. 2004 | tropospheric CO concentration during that campaign was 170 ppb, a surprisingly high value for supposedly "clean" Siberian air, in absence of significant local CO emissions from industry or wildfires. The background CO value was determined in each campaign from the profile sections with the lowest CO variability (Paris et al. 2008) observations from the YAK-AEROSIB campaigns can be used to evaluate large-scale transport models, thanks to the continent-wide extent of the flights and the density of vertical profiles. Carbon dioxide as a long-lived tracer is capable of constraining vertical mixing in models (Stephens et al. 2007) . Its atmospheric budget is dominated by emissions from fossil fuel combustion, ameliorated by ocean uptake and by seasonally varying plant uptake. Surface CO 2 gradients of a few parts per million are mixed in the vertical at the synoptic scale (e.g., Yi et al. 2004; Chan et al. 2004; Sarrat et al. 2007 ) and advected over very long distances (e.g., Wada et al. 2007 ).
Vertical mixing of CO 2 and rectification gradients. The seasonal CO 2 vertical gradient observed over NH continents, in particular over Siberia, is determined by seasonal covariation between transport and biospheric fluxes, or seasonal rectifier effect (Denning et al. 1999 ). This effect causes a mean annual accumulation near the continental surface, causing a positive interhemispheric surface gradient. Unfortunately, global transport models used for CO 2 studies give very different results in simulating these rectification gradients (Rayner and Law 1995; Law et al. 1996) . This uncertainty biases the diagnostic of surface fluxes in inversions (Gurney et al. 2002) . Because the spread of transport model results for CO 2 reflects their differences in vertical and horizontal mixing, Stephens et al. (2007) and Yang et al. (2007) showed that independent vertical profile data can falsify models, and in the long run can be used to test their parameterizations. Stephens et al. (2007) performed a cross-validation study of 13 transport models with optimized fluxes constrained by surface stations, by using vertical profiles. They compiled a climatology of Northern Hemispheric vertical CO 2 profiles from 12 aircraft sites and applied it to the Atmospheric Tracer Transport Model Intercomparison Project (TRANSCOM) group of transport models (Baker et al. 2006) . Despite being prescribed with fluxes that optimally fit the surface data for each model, nearly all the TRANSCOM models show a common bias compared to the observed vertical profiles. The sign of this bias suggests that vertical mixing is likely underestimated in wintertime and overestimated in summertime. Moreover, a clear relationship was found between vertical transport bias in the NH and the global balance between tropical and northern carbon sinks. Thus, transport models can be differentiated as having greater consistency with the observed CO 2 vertical gradient.
We applied the YAK-AEROSIB data to this problem. Unlike Stephens et al. (2007) , we cannot use a large number of aircraft sites or monthly coverage. However, the large spatial representativeness of the campaigns allows for substituting the low temporal density with a high spatial density of vertical profiles across Siberia, the region where transport models differ the most (Denning et al. 1999; Law et al. 1996) . For example, Fig. 7 compares the first three YAK-AEROSIB campaigns with CO 2 vertical distribution from one transport model, the Laboratoire de Météorologie Dynamique AGCM (LMDz)-Interaction with Chemistry and Aerosols (INCA) model without optimized fluxes. LMDz-INCA is a global chemistry-climate model (Sadourny and Laval 1984; Hauglustaine et al. 2004; Brunner et al. 2005) of horizontal resolution 3.75° × 2.5° with 19 vertical levels. The biogenic CO 2 fluxes are prescribed from the Carnegie Ames Stanford Approach (CASA) terrestrial ecosystem model (Potter et al. 1993 ) and the anthropogenic emissions from the Emission Database for Global Atmospheric Research (EDGAR) fast-track 2000 database (Olivier et al. 2005) . Biomass burning emissions are not included in this model simulation. Figure 7 shows that LMDz-INCA underestimates CO 2 vertical mixing in winter and overestimates it in summer. As transport models are particularly deficient over Siberia with model results deviating strongly from each other (Gurney et al. 2002) , reducing their spread over this region by cross-validation will also help to reduce uncertainties elsewhere in the NH. Figure 8 shows CO 2 simulated by LMDz-INCA during f light 5 on 7 September 2006. Flight 5 was selected because the aircraft crossed a weak front during the second and third profiles, and the imprint of the synoptic circulation near the front is clearly visible in the CO 2 data (color dots in Fig. 8 ; see also Fig. 5b ). The modeled CO 2 field interpolated to the aircraft positions is in good agreement with the observations (Fig. 8 ; R 2 = 0.46, n = 412), but the CO 2 variability is underestimated by a factor of 2.5. LMDz-INCA reproduces qualitatively the BL-free troposphere negative CO 2 gradient (between 1-and 3-km altitude) and synoptic patterns crossed between 0400 and 0600 UTC. However, it fails to capture the true BL height, below which CO 2 is more depleted because of plant uptake. The CO 2 vertical gradient in the model is not as steep as in the data. A limitation of such a model-data comparison limited to a particular flight is the accuracy of biogenic CO 2 fluxes. The overestimated CO 2 value (~379 ppm) below 400 m from 0300 to 0500 UTC (1000-1200 LT) in Fig. 8 can be due to an overestimated CO 2 source by the vegetation.
Horizontal and vertical mixing of CO 2 .
Moreover, LMDz-INCA calculations for the case study of CO 2 transport shown in Fig. 8 suggest that, in September 2006, European fossil fuel CO 2 emissions were advected into the Siberian airshed between 50° and 70°N, causing CO 2 concentrations to be enhanced by ~0.5 ppm between 2-and 4-km altitude. In the next section, we will show that this is consistent with backward Lagrangian particle dispersion model analysis.
POLLUTION OVER SIBERIA AND SOURCE REGIONS.
Little is known about how remote pollution sources influence Siberia. Models predict a dominance of low-level advection of European pollutants to Siberia (Wild et al. 2004; Duncan and Bey 2004) but this has received little experimental support (Pochanart et al. 2003 ). We applied the backward Lagrangian particle dispersion model FLEXPART (Stohl et al. 2005; Seibert and Frank 2004) to attribute two observed salient CO 2 and CO plumes to their region of origin. FLEXPART computes back trajectories for a large number of particles, with improved airmass transport representation. For any given receptor (instrument) position, FLEXPART maps the transport "footprint" associated to the measurement, that is, the areas from where surface emissions can potentially reach the receptor at a given sampling time, with up to 20 days of backward transport. This footprint is called the potential emission sensitivity (PES).
Long-range transport of fire and European emission versus clean Arctic air (September 2006)
. We focus here on the origin of layers observed during the September 2006 campaign. Measurements of CO 2 , CO, and O 3 on 7 September 2006 (flight 5) show significantly polluted plumes (Fig. 9) . The color shading in Fig. 9 results from an objective classification scheme based on similarity between the PES associated to each observation (Paris et al. 2010) . The orthogonal classification of the PES is independent from measured concentrations. This allows identifying and further comparing different air masses that compose each profile. Two types of layers are dominant: polluted layers traceable to airstreams of European-Caspian Sea origin and clean-air layers traceable to an Arctic origin. These two groups are well separated in terms of tracer concentrations.
FLEXPART analysis shows that all Arctic clean-air layers (light blue in Fig. 9 ) are characterized by a long residence time (>10 days) inside the polar vortex. The associated low CO and CO 2 concentrations (Table 2) suggest a strong isolation of these air masses from sources in their recent history, consistent with long residence time of air in the Arctic in summer (Stohl 2006) . The FLEXPARTcalculated PES further indicates that advection of Arctic air sampled during September 2006 occurs in the BL. During the five days of meridional transport from the Arctic to the sampling location of flight 7, exchange with In contrast, all polluted layers from EuropeanCaspian Sea origin contain high CO concentrations (Table 2 ; yellow shading in Fig. 9 ). FLEXPART attributes the elevated CO concentration in these layers to a mixture of anthropogenic (fossil fuel combustion) CO emissions from Europe (~10 ppb) and biomass burning CO emissions from the Caspian Sea region (~10 ppb, probably from agricultural burning in northern Kazakhstan, 50°N, 50°-70°E). Comparably to this case study, Pochanart et al. (2003) found in southern Siberia a difference of median CO concentrations of 24 ppb between polluted air masses from Europe and cleaner air masses from the Arctic.
Because of O 3 production from precursors coemitted with CO in anthropogenic emissions and/or biomass burning plumes, one would expect a significant positive CO:O 3 correlation in the polluted air mass sampled during this flight. Such a correlation is indeed seen in individual plumes with European-Caspian origin. In the plume with the highest CO concentration (144 ± 14 ppb, Fig. 9 ), the positive CO:O 3 correlation is high (R 2 = 0.68, n = 90) and the regression slope is 0.24, a ratio typical of ozone production from fire-emitted precursors. Another polluted airstream, however, exhibited an unusual negative correlation. The resulting regression slope was −0.10 ppb ppb −1 (R 2 = 0.39, n = 108; Fig. 9 ; CO = 135 ± 9 ppb). The photochemical processes leading to negative CO:O 3 regression slope in biomass burning plumes remain debated (Val Martin et al. 2006; Real et al. 2007 ). The two polluted plumes of flight 7 are advected at 2.5-km altitude. Both contain low CO 2 concentrations with a high but negative CO 2 :CO correlation (R 2 ≈ 0.80, regression slopes range between −0.06 and −0.09 ppb ppm −1 ) in these plumes. In the absence of CO 2 sources or sinks other than combustion, the enhancement of CO should always be paralleled by high CO 2 values. The opposite observation suggests that CO 2 uptake by plants offsets the CO 2 enhancement due to combustion emissions.
Uplift and transport of pollution from China (April 2006).
We focus here on the massive uplift of CO observed Draxler and Hess 1997) . Figure 10 shows the average FLEXPART PES over all observations with high CO (>220 ppb). The complementary back-trajectory HYSPLIT simulation was run 6 days backward only. Both FLEXPART PES and HYSPLIT simple trajectories reveal that sources in northeast China and Mongolia are the main contributor to the observed excess of CO and CO 2 . These emissions were transported quickly within 24 hours to the aircraft sampling location (Fig. 10b) . In addition to obvious fossil fuel CO and CO 2 emissions, fires were also active during that period in Mongolia. The retrotransport calculations cannot discriminate between these two distinct sources, but the measured CO:CO 2 ratios rather suggest a dominant fossil fuel origin. During the uplift episode, the transport of CO and other pollutants into the Siberian troposphere was caused by a series of extratropical cyclones and their associated WCB. These WCB over eastern Asia are important to the trans-Pacific pollution transport (Yienger et al. 2000) . As evidence is growing of Asian emissions increasingly affecting Arctic pollution (Rahn et al. 1977; Shaw 1982; Cahill 2003) Future YAK-AEROSIB activities will include analysis of the data just collected during a recent campaign in April 2010, with a set of instruments including the one described here, as well as improved aerosol and methane measurements. Future campaigns with an enhanced payload, in particular flask air sampling and online CH 4 measurements, could increase the value of the dataset already acquired and further improve our understanding of the atmospheric composition and transport, and atmosphere-biosphere exchange, over observationsparse Siberia. (Zuev et al. 1992 ) is equipped for meteorological measurements. Aircraft horizontal speed during measurement is about 85 m s −1 and vertical speed is about 3.5 m s −1 on ascent and 7 m s −1 on descent during profiles.
The CO 2 analyzer is a modified nondispersive infrared (NDIR) analyzer LI-COR 6262 (Paris et al. 2008 , see Table A1 ). The instrument is regulated for temperature, flow, and pressure. Incoming air is chemically dried. Three calibration gases, traceable to a suite of primary World Meteorological Organization (WMO) CO 2 standards from the National Oceanic and Atmospheric Administration/Earth System Research Laboratory (NOAA/ ESRL), bracketing ambient concentrations are used sequentially (3 minutes each) at ~30-min intervals in order to cope with potential drift of the measurement. Approximately 5% of the data were rejected on average based on pressure, flow, and temperature anomalies.
The O 3 analyzer is a modified model 49 (Thouret et al. 1998 , Table A1 ) of Thermo Environmental Instruments (TEI), with added internal calibration and compensated pressure and temperature. It is based on UV absorption in two parallel ("zero" and sample) cells. Laboratory calibration with a O 3 generator is performed before and after the campaigns.
The CO analyzer (Nédélec et al. 2003 , Table A1 ) is a heavily modified IR gas filter correlation analyzer TEI model 48C. Periodical accurate zero measurements, new IR detector with better cooling and temperature regulation, pressure increase and regulation in the absorption cell, increased flow rate to 4 L min −1 , water vapor trap (Nafion membrane), and ozone filter have been introduced. Air sent to the CO and O 3 analyzers is compressed using a Teflon KNF Neuberger N735 pump.
Aerosols are measured using a diffusion battery (Reischl et al. 1991; Arshinov et al. 2007 ) but are presented in another paper (Paris et al. 2009 ). Meteorological parameters are measured routinely on board using HYCAL sensor model IH-3602-C Honeywell.
